Based on the magneto-optical Kerr effect, we report the electric-field modulation of the magnetic properties in Fe/BiScO 3 -PbTiO 3 (BSPT) film-on-ceramic substrate structure. The Fe films are directly grown on the fully-poled BSPT ceramic substrates by magnetron sputtering. An electric field applied parallel to the prepolarization direction of the piezoelectric BSPT can induce a reversible increase in the coercive field H c of about 30%, whereas an electric field antiparallel to the prepolarization direction can cause a persistent, tremendous decrease (as large as 97%) in H c , and a small reversal electric field can resume it back. The strain induced by the inverse piezoelectric effect is the primary mechanism behind. This large modulation of the coercive field by the electric field could inspire further exploration of electric-field-controlled magnetic switching in multiferroic heterostructures.
Introduction
Recently, increasing attention has been focused on multiferroic materials which simultaneously exhibit two or more properties of ferroelectricity, (anti-)ferromagnetism, and ferroelasticity [1] . Of the multiferroics family, magnetoelectric (ME) composites, especially nano-ME-composites [2] , are of interest due to their great scientific and technological importance. These composite ME materials not only have both ferroelectric (FE) and (anti-)ferromagnetic (FM) orderings but also show a large ME coupling effect at room temperature (i.e., a polarization induced by an external magnetic field or a magnetization induced by an applied voltage) [3] [4] [5] . Thus ME composites make it possible to control the FM (FE) ordering via electric (magnetic) field at room temperature and might lead to the next-generation of memories, sensors, generators and transducers, and so forth.
Up to now, magnetic-field control of electric polarization in ME composites has been widely reported [5] . Lately, as the magnetic random access memory (MRAM) becomes more and more popular, electric field control of the magnetism, which can be easily achieved in the ME composites at room temperature, has attracted ever growing attention and been the subject of intensive investigations. Electric control of magnetism would replace the traditional magnetic field control induced by the electromagnets which are slow, heavy, and power-consumed and take the advantages of fast control, miniaturization, and power-efficiency.
Manipulating magnetization or the magnetic anisotropy directly by using an electric field rather than the spinpolarized currents has become an important issue in the field of the ME materials [6] . Several groups have made their effort to investigate such manipulation in some systems (e.g., epitaxial BiFeO 3 -CoFe 2 O 4 columnar nanostructures, Fe 3 O 4 /Pb(Zr,Ti)O 3 and Co 50 Fe 50 /Pb(Zr,Ti)O 3 hybrid structures) by using different methods (e.g., magnetic-force microscopy, ferromagnetic resonance, and magneto-optical Kerr effect (MOKE) magnetometer) [7] [8] [9] . In these works the maximum change in the magnetic coercive field at room temperature is about 80% at an electric field as high as 75 kV/cm, observed in the patterned Co 50 Fe 50 film on the Pb(Zr,Ti)O 3 substrate [9] . Even though a coercive field change of up to 120% was observed in the Fe/BaTiO 3 heterostructures, it only appeared at the R → O (rhombohedral to orthorhombic phase) transition at about 190 K, far below the room temperature [10] . In this paper, by means of the room-temperature MOKE measurement, we present a significant electric-field control of the magnetic properties of Fe films directly grown on BiScO 3 -PbTiO 3 substrate via the ME coupling. For example, a large change in the coercive field H c , that is, ΔH c = (H c (E) − H c (0))/H c (0), of the Fe films of −97% was observed at an applied electric field of about −15 kV/cm, and our observation also demonstrates interesting switchable electric-field-controlled magnetic behavior in the hybrid structures.
Experimental
0.37BiScO 3 -0.63PbTiO 3 (BSPT) ceramics was chosen as the ferroelectric substrate because of its high piezoelectric coefficient [11] , relatively high density by using two-step sintering technique [12] , and low cost compared with the single crystal substrates [13] , as well. The nanopowder used to acquire the highly dense BSPT ceramics was synthesized by the citrate sol-gel method. After the ball milling and drying, the powder was pressed into pellets with a diameter of 10 mm and a thickness of about 1 mm under a uniaxial pressure of 3 MPa. The green pellets were then first heated to a higher temperature ranging from 1000
• C to 1050
• C with a heating rate of about 4
• C/min, then immediately cooled to a lower temperature of about 800
• C with a cooling rate of about 20
• C/min, and finally held at 800
• C for about 4∼8 hours. The processing details were described elsewhere [12] . The sintered BSPT ceramics was fully poled along the thickness direction under an electric field of 40 kV/cm for 15 minutes in a silicon oil bath at about 140
• C. Consequently, the fully poled BSPT ceramics was grinded into a thickness of about 0.6 mm and then polished to ensure the low surface roughness as substrates. The Fe film was then deposited on the cleaned BSPT substrate by radio frequency magnetron sputtering at room temperature. Two germanium (Ge, 99.9%) strips were attached on the iron (Fe, 99.9%) target to accelerate the deposition and adjust the Ge content in the Fe film. The base pressure of the sputtering chamber was about 8 × 10 −4 Pa, and the working pressure was 1.0 Pa of argon. The sputtering power was kept at 180 W (the corresponding deposition rate is about 2.5 nm/min) during the whole deposition of 180 minutes.
X-ray diffraction (XRD, RIGAKA D/max-RB) with Cu Kα radiation, the atomic force microscopy (AFM, PISA XEI100), and the X-ray fluorescence (XRF, SHIMADZU XRF-1800) were used for the phase analysis, the surface morphology and roughness analysis, and the content determination of Ge in the Fe film, respectively. The polarizationelectric field (P-E) hysteresis loop of the BSPT was measured by using the ferroelectric test system (Radiant Tech. Inc., RT 609B) at 10 Hz and 1 Hz. The magneto-optical Kerr effect magnetometer (Nano MOKE 2, Durham Magneto Optics Ltd.) was used to characterize the electric field control of the magnetic properties of the Fe films. All the measurements were performed at room temperature. morphotropic phase boundary of (1 − x) BiScO 3 -xPbTiO 3 system at x = 0.63 [11, 12] . Figure 1 (b) exhibits the P-E loops of the BSPT ceramics measured in the silicon oil bath at room temperature. Obviously, the loops got saturated at about 45 kV/cm. The remnant polarization (P r ) and conceive field (E c ) are about 44 μC/cm 2 and 22 kV/cm, respectively. Also, the atomic force microscopy of the polished BSPT ceramics (inset of Figure 1(a) ) demonstrates the relatively smooth surface with the root-mean-square roughness of less than 1.3 nm in the range of 5 × 5 μm 2 , which ensures the following deposition of Fe films. Since the whole deposition was performed at room temperature, the Fe film was basically amorphous, as demonstrated by the XRD (Figure 1(c) ). The AFM image of the Fe film showing no obvious grains (inset of Figure 1(c) ) also reveals the amorphous phase of the Febased alloy. The thickness of the Fe film is about 420 nm. The content of Ge in the Fe film, measured by the X-ray Fluorescence, is about 10.0 atom%.
Results and Discussion
Since the vibration plane of the linearly polarized light changes when it reflects from the surface of the magnetized medium (i.e., MOKE effect), we can directly characterize the magnetic behavior of magnetic films by using the MOKE magnetometer. The Kerr signal, which is proportional to the magnetization, can be used to probe the local magnetic properties of the Fe films. In our measurement (see Figure 2(a) ), direct-current voltages were applied upon the BSPT substrate along its thickness direction by using a voltage sourcemeter (Keithley 2410). Electric voltages ranging from −1100 V to 1100 V (i.e., the utmost limit acquired by Keithley 2410) were applied on the fully polarized BSPT substrate (corresponding to a maximum electric field of −19 kV/cm to +19 kV/cm on the substrate), and the longitudinal Kerr signals were measured to conclude the electric field control of the magnetic properties. Figure 2 (b) shows the representative Kerr hysteresis loops under different electric fields such as positive electric fields (i.e., the applied electric field parallel to the prepolarization direction of the BSPT, as shown in Figure 2 (a)) and negative ones (i.e. the applied electric field antiparallel to the prepolarization direction). Obvious changes in the Kerr hysteresis loops occur upon the electric fields. The hysteresis loop without voltage bias is almost squared and the coercive field H c is about 42 Oe. Upon the positive electric fields, the loops become a little wider and retain similar shapes. For example, the coercive field increases up to 51 Oe when the electric field is up to 14 kV/cm. Of interest to note is that not only the obvious decreases in the coercive fields but also significant shape changes are observed when the negative electric fields are applied on the BSPT. The hysteresis loops become more narrow and narrow with the increase in the absolute value of negative electric fields. For example, upon an electric field of −14 kV/cm, the loop becomes a very slim hysteresis one with a coercive field of 1.3 Oe, which is only about 3% of 42 Oe at zero electric field. In other words, just upon an electric field of −14 kV/cm at room temperature, as high as 97% decrease in the coercive field occurs. The magnetic free energy of the films accounts for this. In films, the demagnetization energy favors an inplane easy axis, which is parallel to the external magnetic field direction in the isotropic amorphous films. Since the BSPT is prepolarized, a positive (negative) voltage along the thickness direction will lead to the compressive (tensile) strain along the radical direction. This deformation is then directly transferred to the Fe film, yielding the compressive (tensile) strain in the film, as well. This compressive (tensile) strain resists (promotes) the easy axis along the in-plane direction [14] due to its positive magnetostrictive coefficient λ of the amorphous Fe films [15] . Hence, the increase (decrease) in the coercive field H c is observed. Besides H c , the changes in the saturated magnetic field H s (i.e., the magnetic field at which the magnetization gets saturated) can also demonstrate the above explanation (see Figure 2(c) ). The MOKE measurements focused at different regions on the Fe film presented similar behavior.
Detailed changes in the magnetic coercive fields with the electric field E are presented in Figure 3 . The change in the coercive field ΔH c is used to characterize the modulation of the electric field. When the positive electric field is applied on the sample, H c of the Fe film increases linearly with increasing E (see the arrow (1)). During the following process of E gradually decreasing from 19 kV/cm down to zero, H c follows the same path (see the arrow (2)) to the original at zero bias. As shown, when E is positive, ΔH c slowly decreases as E approaches to zero and is proportional to the electric field. However, when the electric field further decreases to the negative side, totally different change in the coercive field occurs. As shown in Figure 3(a) , when E is negative and its absolute value increases, ΔH c decreases dramatically down to about 1 Oe at E = −15 kV/cm. The further decrease in the negative electric field does not affect the hysteresis loops very much but retains them in the very slim shapes (Figure 3(a) ). After reaching the minimum negative electric field, the following increase in the electric field from −19 kV/cm to 0 (Figure 3(b) ) cannot change the slim hysteresis until E is switched to positive up to +1.8 kV/cm. After that, as the electric field increases up, the hysteresis loop gets wider and wider again and finally recovers back to the similar squared shape at zero bias (Figure 3(b) ).
Further, more interesting behaviors are observed after the external electric field is switched off. Figure 4 (a) presents the change in H c after each bias voltage is switched off, that is, ΔH c measured at each E back to zero. As seen, in the first applied positive bias region (denoted by arrow 1), once the positive electric field is switched off, the magnetic hysteresis loop immediately returns to its original state at E = 0 (see the circle dots in Figure 4(a) ), which agrees with Hooke's law in the elastic strain range. Figure 4 (b) more clearly demonstrates such a reversible modulation. As an electric field of +19 kV/cm is switched on and off alternately, ΔH c changes between +30% and zero immediately. This reversible modulation can be always observed as long as the electric field is parallel to the prepolarization direction of the piezoelectric ceramics, no matter the electric field increases up from zero or decreases to zero.
In contrast to the reversible modulation of the positive electric field, once the negative electric field is applied, the change cannot be completely recovered after the negative electric field is switched off, as shown by the square dots in Figure 4(a) . The Fe film, after the negative bias voltage unloaded, keeps the magnetic behavior with it to great extent. In particular, after the negative electric field reaches the minimum one (i.e., −19 kV/cm allowed in the present case), ΔH c measured after this E back to zero remains constant (i.e., about −92%; see the arrow 3) during the memory effect after the unloading of a negative bias voltage can be used to represent the "0-state" in memory devices, while the considerably large H c without any bias voltage can represent the logic "1-state." Both of the large gap between the two platforms in Figure 4 and the time stability of ΔH c ensure the two definite states of "0" and "1."
Conclusion
In summary, we have successfully fabricated a simple bilayered hybrid structure by directly sputtering the Fe films on the low-cost BSPT ceramics. Large and reversible electricfield modulations of the magnetic coercive fields, induced by the converse ME coupling effect, are observed at room temperature. Such a magnetic-coercive-field modulation, which can be switched "on" or "off " with comparably small electric fields, would offer a possible way to new ME devices such as memories.
